Abstract. We review some of the works done during the last year and some of the challenges we have to face today in the study of low-degree acoustic and gravity modes and their implications in the study of the solar internal structure and dynamics.
Introduction
The quest of the knowledge of the structure and dynamics of the solar interior has been possible thanks to the study of the resonant acoustic (p) modes that are trapped in the solar interior.
Since the solar rotation lifts the azimuthal degeneracy of the resonant modes, their eigenfrequencies, ν nℓm , are split into their m-components; where ℓ is the angular degree, n the radial order, and, m the azimuthal order. This separation -usually called rotational splitting (or just splitting)-depends on the rotation rate in the region sampled by the mode. In the same way, the precise frequency of a mode depends on the physical properties of the cavity where the mode propagates. Using inversion techniques the rotation rate, the sound speed or the density profile at different locations inside the Sun can be inferred from a suitable lineal combination of the measured modes. But, during the last year, a particular effort has been done in the extraction of physical information directly from the combination of frequencies: the large and the small frequency separations.
Frequency separations
The large frequency separation of low-degree p modes is given by (see also Fig. 1 ):
This large frequency separation gives an idea of the mean quantities of the star (e.g. its mean density) as it depends inversely on the sound-travel time between the center and the surface (see e.g. [1] ):
where R is the solar radius and c is the sound speed. Recently, Kholikov (these proceedings) using low-degree modes (ℓ ≤ 3) from GONG and MDI data sets has been able to recompute the solar acoustic radius by measuring this large separation. The small frequency separation of low-degree p modes is given by (see also Fig. 1 ): Figure 1 . Region of a power spectrum density of a Sun-as-a-star instrument where the large and small frequency separations are shown.
This difference is mainly dominated by the sound-speed gradient in the core and, therefore, it is sensitive to the chemical composition in the central regions and can be used to infer the central hydrogen content (the age of the star). Using the asymptotic theory it can be shown that [2] :
As the frequencies of both modes are very close, they have similar near-surface effects and the small separation is mostly unaffected by such effects. But some residuals can still remain. This is the reason why the so-called frequency separation ratios (see e.g. [3] ) are more useful.
Using the small separation and the frequency separation ratios and by comparing them between different solar models it has been found that models constructed with low metallicity are incompatible with the observations [4] . These results provided strong support for lowering the theoretical uncertainties on the neutrino fluxes that were recently raised due to the controversy over solar abundances. Using the same separation ratios and comparing them with a large Monte Carlo simulation of standard solar models, the mean molecular weight of the solar core and the metallicity of the solar convection zone have been better constrained [5] .
Data analyses
More than 4000 days have been cumulated in the modern helioseismic data sets from groundbased instruments (i.e. BISON 1 , GONG 2 ), as well as those placed aboard the space based SoHO 3 mission (GOLF 4 , VIRGO 5 and SOI/MDI 6 ).
Thanks to the extremely high quality of these continuous observations we have achieved a better frequency resolution while the reduction of the background level opened the possibility to measure new low-degree low-order p modes (see for example Salabert et al. these proceedings). Moreover the combination of contemporaneous data sets from different instruments and the application of joint probability has been studied and several modes have been found down to ∼ 1 mHz [12] .
At the same time, the better quality of the data introduces higher requirements in the precision of the peak-bagging codes and a higher sense on the reliability of the results. Thus, new coordinated efforts have been developed in the community, like the solarFLAG 7 collaboration, in order to check the different peak-bagging codes and to study the nature of the possible biases in the extraction of the p-mode parameters. Indeed, it has been shown that the peak asymmetry of the low-degree modes can be properly extracted in the case of the modes ℓ=1 and 3 but it could be biased for the pair of modes ℓ=0 and 2 (Chaplin et al. these proceedings).
More than 11 years of data also means the possibility of studying a full solar activity cycle from both observables, velocity and intensity, opening new challenges. For example, it has been found that the peak asymmetry of the modes changes with the solar cycle only in velocity [13] .
4. Extracting the rotation in the radiative zone: improvements in the splitting measurements To extract more information on the rotation in the deepest solar layers we need, on one hand, a better determination of the p-mode splittings because they penetrate deeper inside the core of the Sun. On the other hand, we also need to detect mixed and gravity modes that mainly propagates inside the radiative zone.
For p modes with a given degree ℓ, the inner turning point r t = c t L/ω ℓ,n (where L = ℓ + 1/2, ω ℓ,n is the central frequency of the mode and c t is a constant [14] ) is a decreasing function of frequency. Thus the modes go deeper inside the Sun with increasing frequencies (higher radial order n). Unfortunately, the uncertainty (error bars) of the fitted rotational splittings of Sun-asa-star observations (the most sensitive to low-order p modes) is larger. Indeed, as the lifetime of these modes at high frequency is small, their line width is increased. Therefore, for frequencies above ∼ 2.2 mHz (See region D in Fig.2 ) the error bars of the extracted splittings start to grow up, and above ∼ 3.5 mHz, there is a substantial blending between the visible m components of the p modes making the rotational splitting very difficult to extract. At higher frequencies, even the successive pairs of modes ℓ =0, 2 and ℓ =1, 3 are blended together and today it is not possible to obtain values of the rotational splittings with enough accuracy to be useful in the inversion codes. Moreover, there are some sources of biases in the procedure of data fitting that should be treated carefully as, for example, the visibility ratio of the different m-components of the modes [15] , or the effect of the magnetic activity cycle on the sectoral components of the modes ℓ ≥ 2 [16] . On the contrary, at low frequency -below n=16, at about 2.2 mHz (See region C in Fig.2 ) -the lifetime of the modes increases so their line width is very small allowing us to determine their rotational splittings with a very high precision. However, as we have seen previously, these modes have inner turning points at lower depths than the high-frequency modes (above 0.08 and 0.12 R ⊙ for the modes ℓ=1 and 2 respectively). Therefore, even though these modes do not carry any information below ≃ 0.1R ⊙ , they would lead to improve our knowledge on the inner rotation rate because they have smaller error bars and they contribute to increase the precision of the inversions [17] .
Today, only those low-degree p modes above ∼ 1 mHz have been observed [18] [19] [20] [21] and it is common to restrict the splittings of low-degree modes in the inversions below 2.2 mHz because at higher frequencies the error bars are higher than the fraction of the splitting coming from the layers below 0.2 R ⊙ [22] . As a consequence, to better constrain the solar rotation profile using only acoustic modes, we would need to measure reliable modes at low frequency while we need to improve the splitting extraction at high frequencies with smaller error bars. Nowadays, with the data sets of more than 4000 days, it has been shown that we have acquired a higher precision in the extraction of the splittings and, therefore, it is possible to use the low-degree
The quest for gravity modes
In the early 80's, right after the beginning of the helioseismology, a search dedicated to gravity modes (g modes) started. Several groups looked for both individual modes and the signature of their asymptotic properties (see for example [23] [24] [25] [26] and the reviews by [27] and [28] ). Unfortunately, none of these candidates could be confirmed as gravity modes by more recent observations. Other attempts have been made to measure g modes outside helioseismology. Indeed, [29] found oscillations in the solar wind that were interpreted as g modes. Unfortunately, later calculations showed that these results could also be compatible with noise [30] . Moreover, in the middle of the 90's, two observational opportunities were fully operational in helioseismology: the complete deployment of the ground-base networks (i.e. BISON and GONG) and the launch of SoHO (in particular the GOLF instrument dedicated to look for very low-frequency modes).
With the passage to the new millennium, we attended a new blooming of g-mode research based on the quality and accumulation of data. In 2000, [31] looked for individual spikes above 150 µHz (see region B in Fig.2 ) in the power spectrum with more than 90% confidence level not being pure noise. Although they could not identify any g-mode signature, an upper limit of their amplitudes could be established: at 200 µHz, they would be below 10 mms −1 in velocity, and below 0.5 parts per million in intensity. The same year, using the GOLF instrument and different periodogram estimators, a peak was found [32] [19] and it was interpreted as one component of the ℓ = 1, n = 1 mixed mode (up to 98% confidence level). Later, in 2002, Gabriel et al. (2002) , using a similar statistical approach, confirmed the existence of this mixed-mode candidate with a longer data set of the same instrument. Besides, two other structures -already studied with 2 years of GOLF data and reviewed by [33] -were highlighted to be potentially interesting due to their persistency with time.
In order to reduce the threshold while maintaining the same confidence level, [34] looked for multiplets instead of spikes. This research led to several patterns that have been considered as g-mode candidates. In particular, a structure around 220 µHz retained our attention. In fact, [35] showed theoretically that the g mode with the highest surface amplitude would be the ℓ = 2, n = −3 expected at 222.145 µHz (from the seismic model computed by [36] ).
This year, the signature of the dipole modes has been uncovered [37] analysing the periodogramme of the power spectrum computed between 25 and 140 µHz (See region A in Fig.2 ). They found a peak that was attributed to the asymptotic separation for the ℓ=1 modes. By comparing with solar models and assuming a step rotation profile in the core, they found that the analysis performed favored an average core rotation rate spinning 3 to 5 times faster than the rest of the radiative zone below 0.15R ⊙ .
It seems that we will soon have access to these gravity modes, but, how many modes would be needed to better constrain the rotation in the solar core below 0.25 R ⊙ ? The introduction of one g mode in the inversions already improves the obtained rotation rate in the core but the profile is still poorly inferred below 0.16 R ⊙ (Mathur, Eff-Darwich, García & Turck-Chièze, A&A submitted). Moreover the inversion including four g modes ℓ=1 and four ℓ=2, and depending on the error bars of their splittings, is able to better reproduce the simulated rotation profile in the core while the rate in the deepest layers (∼ 0.1 R ⊙ ) is more accurate.
Conclusions
A very exciting future is ahead us for the global seismology with the present and future missions that are planned or are already being built. In helioseismology we can mention some new instruments: PICARD, GOLF-NG and SDO and in asteroseismology: Kepler, SONG, PLATO and CoRoT which first data are scheduled to be released at the end of the year. All these instruments, as well as the new analyses techniques that are being developed and the improvements in the theory with better and more accurate solar models would provide a better look inside the Sun and other stars.
